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Increasing anthropogenic alterations propelled by a growing human population paired with ecological 
perturbations and climate change has amplified rates of disease transmission at the human-wildlife 
interface. While attention has focused primarily on diseases that cause high rates of morbidity and 
mortality, there is a dearth of research on more common, non-lethal “mild” infections. However, despite 
less obvious and immediate consequences, these infections still have long-term effects on both public 
health and the conservation of wildlife. Currently, disease research is primarily cross-sectional, with a lack 
of longitudinal studies, leading to an undervaluation of the dynamic nature of disease systems. In addition 
to pathogen monitoring, concurrently being able to measure immune system activation will help to clarify 
the effects of non-lethal diseases on host health and to provide further insights into life-history trade-offs. 
Here, I investigated malaria parasite (Plasmodium spp.) infections, a “mild” disease, in wild habituated 
chimpanzees (Pan troglodytes verus) residing in Taï National Park (TNP), Côte d'Ivoire. I used historical 
biological samples collected from non-human primates (including chimpanzees) and humans, as well as 
collected mosquitoes within their habitat. First, I identified longitudinal patterns of malaria parasite 
prevalence detected in chimpanzee faeces; next, I validated a biomarker of immune system activation, 
urinary neopterin, in wild chimpanzees; and lastly, within a larger ecological framework, I examined the 
interface of malaria parasite transmission between humans and non-human primates sharing a habitat.  
With a longitudinal study design, I found substantial intra- and inter-annual fluctuations in the faecal 
detection of malaria parasites across four non-consecutive sampling periods between 2004 and 2015. 
Peaks were observed during wet seasons—suggesting that environmental factors relating to vector 
abundance determine infection patterns. A higher prevalence was also detected in younger individuals, 
suggesting that the availability of susceptible hosts plays a role. With variations in parasite detection, 
similar trends should also be observed in health status. Urinary neopterin, an early inflammation marker 
of the non-specific immune response, increases during malaria parasite infections in humans and has been 
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validated as a marker of immune system activation in laboratory and captive non-human primates. 
However, it was unclear whether it would be sensitive enough to provide a clear signal in mild diseases 
against the back-drop of co-infections commonly seen in wildlife. Therefore, we first needed to validate 
urinary neopterin as a biomarker of immune system activation during severe disease in wild animals. I 
measured urinary neopterin before, during, and after a severe respiratory outbreak and showed that 
levels corresponded to respiratory symptoms and predicted mortality. While urinary neopterin is sensitive 
enough to detect changes in immune system activation during severe disease, future research should still 
aim to validate its use in mild diseases, such as malaria. Finally, human-to-animal disease transmission is 
known to occur in TNP, with direct declines in chimpanzee populations observed that resulted from 
several outbreaks caused by human respiratory diseases. Given the zoonotic origin of malaria parasites in 
humans, I examined the genetic diversity of malaria parasites infecting humans and non-human primates 
sharing a habitat. Mosquitoes were also captured to identify potential vectors that may bridge 
transmission between host species. Only P. malariae was found in both humans and chimpanzees—
however, the directionality of cross-species transmission would require a larger sample size to correctly 
assess. Additionally, no anopheline mosquitoes, the only known vector of mammalian malaria parasites, 
or mosquitoes positive for human- or great ape-specific malaria parasites were captured—suggesting that 
transmission events may be rare due to the sparsity of vectors in this region.  
This thesis shows that malaria epidemiology is a temporally and spatially diverse system that requires the 
use of longitudinal datasets and diverse sampling schemes. This thesis provides a baseline of data on 
which future malaria parasite research can build. Additionally, the validation of urinary neopterin will 
allow researchers to pursue questions on how mild diseases affect host health and to investigate 
questions relating to strategies and variations in life history trade-offs. This thesis is relevant for research 
on wildlife disease ecology, eco-immunology, and in the creation of pathogen and health surveillance 
programs.  
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SUMMARY 
Introduction 
Investigations into wildlife diseases primarily focus on concerns regarding public health, conservation, and 
the loss of biodiversity (Ryser-Degiorgis, 2013; Walton et al., 2016; Yon et al., 2019). Increasing 
anthropogenic disturbances, through deforestation and modified land use, paired with climate change, 
have altered ecosystems and expanded the interface between humans and wildlife, leading to the 
proliferation of emerging infectious diseases in the past half century (Davidson et al. 2019; Pongsiri et al., 
2009; Ryser-Degiorgis, 2013)—60% of which originate from wildlife (Délicat-Loembet et al., 2015; 
Grubaugh et al., 2015; Junglen et al., 2009; Makanga et al., 2016). Additionally, instances of human-to-
wildlife (or reverse zoonotic) disease transmission are on the rise, causing the direct decline of animal 
populations, including African great apes (Grützmacher et al., 2017; Kaur et al., 2008; Köndgen et al., 2008; 
Kühl et al., 2017). Consequently, surveillance systems are key in monitoring infectious diseases—
particularly in regions prone to spill over events—to maintain the health of both animals and humans 
sharing a habitat. As disease systems exhibit spatial and temporal fluctuations that are geographically 
unique due to several local extrinsic and intrinsic factors, this leads to variations in disease prevalence and 
necessitates the need for baseline data on which to build future research and surveillance programs 
(Walton et al., 2016).  
Malaria, caused by Plasmodium spp. parasites and spread by female Anopheles spp. mosquitoes in 
mammals, represents a significant cause of mortality in humans (Davidson et al., 2019; De Nys et al., 
2017). African great apes also naturally harbour several malaria parasite species recently described due 
to advancements in molecular diagnostic techniques used to analyse large-scale sampling of non-
invasively collected faeces (Boundenga et al., 2015; Krief et al., 2010; Liu et al., 2010; Loy et al., 2017). P. 
falciparum, the most virulent form of human malaria, is thought to have become widespread after 
emerging from a single gorilla-to-human transmission event within the last few thousand years (Liu et al., 
2010). More recently, P. knowlesi, was recognized as the first modern emergent zoonotic malaria, with 
those working near forests inhabited by macaques (Macaca spp.), the natural hosts, at the highest risk 
(Davidson et al., 2019). Several New World monkey malaria parasites, P. simium and P. brasilianum, have 
been detected with increasing frequency in humans living near forest edges in South America, 
contributing towards a growing concern on the cross-species transmission of malaria parasites despite 
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ongoing malaria elimination efforts (Brasil et al., 2017; Davidson et al., 2019; Scully et al., 2017). Therefore, 
host-switching between non-human primates (NHPs) and humans has been an ongoing evolutionary 
process and feature of malaria parasites (Davidson et al., 2019), leading to both public health and 
conservation concerns.  
Although humans exhibit clear symptoms of disease (e.g., fever, chills, headache, fatigue), the 
pathogenicity of malaria within wild great apes is still relatively unknown (De Nys et al., 2017; Herbert et 
al., 2015). In this regard, malaria is classified as a “mild” disease within wild great apes and constitutes a 
particularly challenging problem when attempting to study its effect on host health and fitness. Recently, 
malaria-like symptoms, including fever and anaemia, were described in a case study of a sanctuary 
juvenile, female chimpanzee (Pan troglodytes troglodytes) infected with P. reichenowi, a chimpanzee-
specific malaria parasite, suggesting that novel exposure can lead to the development of discernible 
symptoms (Herbert et al., 2015). Certain malaria parasites, such as P. malariae, can also lay dormant as 
an extremely low-grade chronic infection, persisting asymptomatically for decades as evidenced and 
detected in chimpanzees imported to Japan 30 years prior (Hayakawa et al., 2009).  
While severe diseases (e.g., respiratory disease, Ebola, anthrax) cause conspicuous signs of morbidity, 
with high rates of mortality, that can have long-lasting and measurable effects on group dynamics, 
behaviour, and fitness (Calvignac-Spencer et al., 2012; Nunn & Altizer, 2006; Kaur et al., 2008), the short- 
and long-term effects of less obvious, but more ubiquitous, low-grade chronic infections are relatively less 
understood (Ghai et al., 2015). However, sublethal chronic infections may still indirectly affect the health 
and fitness of individuals and populations. Birds with chronic malaria infections laid fewer eggs and 
produced offspring with shortened telomeres—suggesting that chronic infections can lead to the 
accumulation of adverse events that decrease overall fitness in both individual hosts and populations 
(Asghar et al., 2015). In endemic populations where malaria parasites are common and host and parasites 
have co-evolved, determining effects on health and fitness still needs to be investigated (Asghar et al., 
2017; Isaksson et al., 2013). As mild diseases may lack distinct observable behavioural symptoms, 
validating methods to measure immunological parameters may help to clarify these effects in wildlife 
disease systems (Ryser-Degiorgis, 2013).  
Therefore, to eventually determine whether and how low-grade chronic infections, such as malaria, affect 
wildlife communities, a baseline of infection and health status must be determined through regular 
pathogen and health monitoring. First, by identifying longitudinal patterns of infection; next, by validating 
a non-invasive bio-immune marker to measure immune system activation in wild great apes; and finally, 
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by placing this within a larger ecological framework of zoonotic disease transmission at the human and 
non-human primate interface. To address these questions, I used faecal (Chapter 1) and urine samples 
(Chapter 2) collected between 2004 – 2015 from chimpanzees (Pan troglodytes verus) from the Taï 
Chimpanzee Project (Taï National Park, Côte d’Ivoire). In Chapter 3, I included samples from 2001 – 2011 
from humans (blood) and non-human primates (blood, spleen, or liver) sharing a habitat within Taï 
National Park (TNP) to identify malaria parasite species in each host; and captured mosquitoes between 
August – October 2015 to identify potential bridge vectors. 
Project Aims 
While extensive investigations have focused on the distribution, diversity, and phylogenetic history of 
malaria parasites, only recently have questions regarding malaria ecology and epidemiology in African 
great ape communities been addressed. Several widespread cross-sectional studies across sub-Saharan 
Africa indirectly show extreme geographic variation in malaria parasite detection in wild African great ape 
communities, ranging from absent to 48% prevalence (Boundenga et al., 2015; Krief et al., 2010; Liu et al., 
2010; Mapua et al., 2015; Prugnolle et al., 2010). Certain host characteristics and demographics (e.g., age, 
sex, pregnancy, social systems), along with factors affecting vector abundance (e.g., habitat type, rainfall), 
will ultimately lead to temporally dynamic systems fluctuating across seasons and years. This highlights a 
system of complex ecological factors that can lead to the diverse spatial heterogeneity of malaria parasite 
prevalence (De Nys et al., 2014, 2017). However, wild great ape malaria research is primarily cross-
sectional, with data on temporal variation missing. Therefore, in Chapter 1, I aimed to fill this fundamental 
gap by testing 681 faecal samples via Polymerase chain reaction (PCR) for malaria parasites collected from 
48 individuals in the South community of chimpanzees (Pan troglodytes verus) from the Taï Chimpanzee 
Project (TCP) across four non-consecutive sampling periods between 2005 and 2015 at TNP. I predicted 
that prevalence rates would exhibit temporal variation across seasons and years. 
In addition to monitoring pathogens over time, being able to concurrently measure health through 
variations in immune system activation may provide insights into how mild diseases, such as malaria, may 
affect the health and fitness of individuals in wild populations. Infected animals may shed pathogens 
continuously or intermittently, despite any obvious clinical manifestations, and can act as asymptomatic 
carriers—this leads to difficulties in distinguishing between  acute, subclinical, or chronic infections (Ryser-
Degiorgis, 2013). Traditional methods of health monitoring are typically invasive and not feasible for 
longitudinal wild studies (Behringer & Deschner, 2017). Non-invasive methods, such as urinary dipsticks, 
behavioural observations, and gastrointestinal parasite analysis, lack precision and need to be paired with 
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other methods to provide a more succinct picture on individual health status (Löhrich et al., 2018). 
Therefore, identifying non-invasive biomarkers could be paramount for wildlife biologists. Neopterin is an 
early inflammation marker of the non-specific immune system (Fuchs et al., 1993) and responds to several 
viral and bacterial infections, with elevated levels associated with disease progression, severity, and 
outcome (Behringer et al., 2017; Murr et al., 2002). Urinary neopterin levels also increase during malaria 
infections, corresponding with fever and decreasing after treatment (Brown et al., 1992). While validated 
as a marker of immune system activation in captive and laboratory NHPs (Behringer et al., 2017; Higham 
et al., 2015; Müller et al., 2017), it was unknown whether urinary neopterin would be sensitive enough to 
detect changes during mild disease in wild animals against a backdrop of co-infections. Therefore, before 
being able to apply neopterin as a marker of immune system activation in wild great apes infected with 
malaria parasites, we first needed to validate its use. In Chapter 2, I measured urinary neopterin with an 
enzyme immunoassay from 28 individuals (totalling in 185 urine samples) collected before, during, and 
after a severe respiratory outbreak in 2009 in the South community of the TCP. I predicted that urinary 
neopterin levels would correspond with observed signs of illness, as well as mortality.  
Increased proximity between humans and non-human primates has created conditions optimal for 
zoonotic and reverse zoonotic disease transmission; this has threatened and led to the direct decline of 
wild chimpanzee populations (through respiratory diseases) that are particularly sensitive given their close 
phylogenetic relationship to humans (Grützmacher et al., 2017; Köndgen et al., 2008; Kühl et al., 2017). 
Reports of malaria transmission between NHPs and humans have been on the rise as deforestation has 
expanded the NHP-human interface and led to a shift in the spatial distribution of vectors and adaptations 
in host feeding preferences (Davidson et al., 2019). As exposure to novel pathogens often leads to 
unknown or a higher risk of severe pathogenicity (Davidson et al., 2019; Isaksson et al., 2013), in Chapter 
3, I examined the genetic diversity of malaria parasites found in humans (n=66) and non-human primates 
(n=38), including chimpanzees (Pan troglodytes verus) (n=29), sharing a habitat in TNP to determine 
whether the cross-species transmission of malaria parasites was occurring. Blood was collected via 
venepuncture from all human participants between 2006 – 2007. Liver and spleen samples were collected 
during opportunistic necropsies, with blood collected during anaesthesia/immobilization, of animals 
between 2001 – 2011. I also captured mosquitoes (n=957) to identify potential bridge vectors involved in 
malaria parasite transmission between August – October 2015. I predicted cross-species transmission of 
malaria parasites between humans and chimpanzees and the identification of potential mosquito vectors.   
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Results  
While previous sampling of the same population of chimpanzees at TNP estimated 35% malaria parasite 
prevalence (De Nys et al., 2013), I show in Chapter 1 substantial temporal fluctuations in malaria parasite 
detection with large intra- and inter-annual variations. The proportion of positive samples ranged from 0 
to 43% per month, with seasonal increases during the wet season, and stochastic variation of 4 to 27% 
per sampling period. This suggests that infection patterns are highly affected by environmental factors 
that in turn determine vector distribution and abundance (De Nys et al., 2017). Additionally, availability 
of susceptible hosts most likely plays a role, with higher faecal parasite detection found in younger 
individuals—a trend also shown in human populations with endemic malaria (De Nys et al., 2013). This 
emphasizes that cross-sectional surveys are often limited in scope by oversimplifying the changing 
temporal and spatial disease dynamics involved in malaria transmission. Additionally, sampling when 
circulating parasite levels are low or undetectable would lead to the false conclusion that certain 
populations may be (nearly) malaria-free. Longitudinal sampling can help clarify these trends (even within 
a year), allowing for informed decision-making from both a practical (e.g., disease monitoring in terms of 
determining sample collection schedules) and a theoretical standpoint (e.g., identifying drivers of malaria 
transmission). 
As it is currently unknown how malaria parasites affect the health of wild great apes (De Nys et al., 2017), 
non-invasive biomarkers can measure immune system activation in lieu of obvious sickness behaviours 
and to clarify periods between an active or latent infection, or during convalescence. In Chapter 2¸ I 
validated urinary neopterin as a biomarker of health status in wild chimpanzees and showed that levels 
increased during a severe respiratory outbreak—even predicting survival. Individuals who died exhibited 
higher levels both before and during the outbreak, suggesting an already activated immune system. 
Although urinary neopterin is sensitive enough to detect changes in immune system activation during a 
severe disease, future research should aim to validate its use in monitoring chronic and mild diseases, 
such as malaria.  
While several malaria parasites have made the successful jump from non-human primates to human 
hosts, in Chapter 3, I found no evidence of cross-species transmission of malaria parasites at TNP, with 
the potential exception of P. malariae, which were detected in both chimpanzees and humans. However, 
due to a limited sample size, it was not possible to assess the directionality of cross-species transmission. 
Additionally, of the 957 mosquitoes captured, none tested positive for human or great ape-specific 
malaria parasites. However, at the time of mosquito collection, no malaria parasites were detected within 
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the chimpanzee community (Chapter 1), suggesting extremely low-levels of circulating parasites. 
Additionally, no definitive anopheline mosquitoes, the only known vector of mammalian malaria 
parasites, were identified. In a previous mosquito survey within the same primary forest at TNP, only 1 
anopheline mosquito out of 1,581 was captured (Junglen et al., 2009). These results suggest that 
transmission events may be rare within TNP and are mediated, in part, by the lack of suitable vectors. 
Although, given the adaptability of malaria parasites, other potential vectors species should not be 
discounted (De Nys et al., 2017). Due to the limited sample size, more research is still required before 
discounting the cross-species transmission risk of malaria parasites within this forest.   
Conclusion 
Epidemiological studies on wildlife diseases are challenging given the need for a holistic approach that 
integrates methods from several fields involving the longitudinal collection and analysis of biological, field, 
and observational data. Currently, most disease ecology studies are cross-sectional, with baseline 
information on disease prevalence and host, vector, and parasite parameters often missing. My PhD 
research aimed to acquire baseline data on malaria parasite infections, a chronic low-intensity infection, 
in wild African great apes (Pan troglodytes verus). First, by defining the temporal variation of malaria 
parasite detection; next, by validating a biomarker of immune system activation, urinary neopterin, in 
wild chimpanzees to be applied in future malaria research; and finally, by placing this within a larger 
ecological framework of zoonotic disease transmission risk. These data show that understanding malaria 
epidemiology in wild African great apes involves a complex, stochastic system with factors affecting 
transmission occurring at the individual, community, and environmental level. Using the results of 
Chapter 1, researchers could focus vector sampling efforts during periods with higher circulating levels of 
malaria parasites; similarly, concurrent urine sampling could help to determine if neopterin follows similar 
cyclical trends. With recent advancements made in laboratory techniques, specifically in molecular 
biology and immunology, paired with decades of behavioural data acquired from long-term field sites, 
this has now given researchers an opportunity to develop more efficient surveillance systems and to 
address larger ecological questions with more robust longitudinal datasets.  
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ZUSAMMENFASSUNG 
Einführung 
Die Untersuchungen zu Wildtierkrankheiten konzentrieren sich in erster Linie auf Fragen der öffentlichen 
Gesundheit, des Naturschutzes und des Verlusts der biologischen Vielfalt (Ryser-Degiorgis, 2013; Walton 
et al., 2016; Yon et al., 2019). Zunehmende anthropogene Störungen durch Abholzung und veränderte 
Landnutzung, gepaart mit dem Klimawandel, haben die Ökosysteme verändert und die Schnittstelle 
zwischen Mensch und Tier erweitert, was in den letzten fünfzig Jahren zur Ausbreitung neuer 
Infektionskrankheiten führte (Davidson et al. 2019; Pongsiri et al., 2009; Ryser-Degiorgis, 2013)—60% 
davon stammen aus Wildtieren (Délicat-Loembet et al., 2015; Grubaugh et al., 2015; Junglen et al., 2009; 
Makanga et al., 2016). Darüber hinaus nehmen die Fälle von Mensch-Wildtier-(oder umgekehrter 
zoonotischer) Krankheitsübertragung zu, was zu einem direkten Rückgang der Tierpopulationen, 
einschließlich der afrikanischen Großaffen, führt (Grützmacher et al., 2017; Kaur et al., 2008; Köndgen et 
al., 2008; Kühl et al., 2017). Daher sind Überwachungssysteme zur Observation von Infektionskrankheiten 
von entscheidender Bedeutung - insbesondere in Regionen, die anfällig für Überschwemmungen sind -, 
um die Gesundheit von Tieren und Menschen zu erhalten, die sich einen Lebensraum teilen. Da 
Krankheitssysteme räumliche und zeitliche Schwankungen aufweisen, die aufgrund mehrerer lokaler 
extrinsischer und intrinsischer Faktoren geografisch einzigartig sind, führt dies zu Schwankungen in der 
Krankheitsprävalenz und erfordert die Verwendung von Basisdaten, auf denen zukünftige Forschungs- 
und Überwachungsprogramme aufbauen können (Walton et al., 2016).  
Malaria, verursacht durch Plasmodium spp. Parasiten und verbreitet durch weibliche Anopheles spp. 
Moskitos bei Säugetieren, stellt eine bedeutende Todesursache beim Menschen dar (Davidson et al., 
2019; De Nys et al., 2017). Afrikanische Menschenaffen tragen auch auf natürliche Weise mehrere 
Malaria-Parasitenarten, die kürzlich aufgrund von Fortschritten in der Molekulardiagnostik beschrieben 
wurden. Diese Analyse basierte auf groß angelegter Probenahmen von nicht invasiv gesammelten 
Fäkalien (Boundenga et al., 2015; Krief et al., 2010; Liu et al., 2010; Loy et al., 2017). P. falciparum, die 
virulenteste Form der menschlichen Malaria, soll sich nach einem einzigen Gorilla-zu-Mensch-
Übertragungsereignis innerhalb der letzten paar tausend Jahre weit verbreitet haben (Liu et al., 2010). In 
jüngster Zeit wurde P. knowlesi als die erste modern aufkommende zoonotische Malaria anerkannt, wobei 
diejenigen, die in der Nähe von Wäldern arbeiten, die von Makaken (Macaca spp.), den natürlichen 
Wirten, bewohnt werden, das höchste Risiko tragen (Davidson et al., 2019). Mehrere Malaria-Parasiten 
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der Neuen Welt, P. simium und P. brasilianum, wurden mit zunehmender Häufigkeit bei Menschen 
nachgewiesen, die in der Nähe von Waldrändern in Südamerika leben, was zu einer wachsenden Besorgnis 
über die Übertragung von Malaria-Parasiten zwischen den Arten beiträgt, obwohl die Bemühungen zur 
Beseitigung von Malaria noch andauern (Brasil et al., 2017; Davidson et al., 2019; Scully et al., 2017). Daher 
war der Wirtswechsel zwischen nicht-menschlichen Primaten (NHPs) und Menschen ein fortwährender 
evolutionärer Prozess und Merkmal von Malaria-Parasiten (Davidson et al., 2019), der sowohl zu 
gesundheitlichen als auch zu konservatorischen Bedenken führte.  
Obwohl der Mensch klare Krankheitssymptome aufweist (z.B. Fieber, Schüttelfrost, Kopfschmerzen, 
Müdigkeit), ist die Pathogenität der Malaria bei wilden Menschenaffen noch relativ unbekannt (De Nys et 
al., 2017; Herbert et al., 2015). In diesem Zusammenhang wird Malaria als "leichte" Krankheit bei wilden 
Menschenaffen eingestuft und stellt ein besonders herausforderndes Problem dar, wenn es darum geht, 
ihre Auswirkungen auf die Gesundheit und Fitness des Wirtes zu untersuchen. Kürzlich wurden 
malariaähnliche Symptome, einschließlich Fieber und Anämie, in einer Fallstudie an einem jungen, 
weiblichen Schimpansen (Pan troglodytes troglodytes), der mit P. reichenowi, einem Schimpansen-
spezifischen Malaria-Parasiten, infiziert ist, beschrieben, was darauf hindeutet, dass eine neuartige 
Exposition zur Entwicklung erkennbarer Symptome führen kann (Herbert et al., 2015). Bestimmte Malaria-
Parasiten, wie z.B. P. malariae, können auch als extrem minderwertige chronische Infektion inaktiv 
bleiben und jahrzehntelang asymptomatisch bestehen, wie es bei Schimpansen der Fall war, die 30 Jahre 
zuvor nach Japan importiert wurden (Hayakawa et al., 2009).  
Während schwere Krankheiten (z.B. Atemwegserkrankungen, Ebola, Anthrax) auffällige Anzeichen von 
Morbidität mit hohen Sterblichkeitsraten verursachen, die langfristige und messbare Auswirkungen auf 
Gruppendynamik, Verhalten und Fitness haben können (Calvignac-Spencer et al., 2012; Nunn & Altizer, 
2006; Kaur et al., 2008), sind die kurz- und langfristigen Auswirkungen von weniger offensichtlichen, aber 
allgegenwärtigeren, minderwertigen chronischen Infektionen relativ wenig verstanden (Ghai et al., 2015). 
Subletale chronische Infektionen können jedoch immer noch indirekt die Gesundheit und Fitness von 
Menschen und Bevölkerungsgruppen beeinträchtigen. Vögel mit chronischen Malaria-Infektionen legten 
weniger Eier und zeigten Nachkommen mit verkürzten Telomeren—was bedeutet, dass chronische 
Infektionen zu einer Häufung von Nebenwirkungen führen können, die die allgemeine Fitness sowohl bei 
einzelnen Wirten als auch bei der Bevölkerung beeinträchtigen (Asghar et al., 2015). In endemischen 
Populationen, in denen Malaria-Parasiten verbreitet sind und sich Wirt und Parasiten gemeinsam 
entwickelt haben, müssen die Auswirkungen auf Gesundheit und Fitness noch untersucht werden (Asghar 
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et al., 2017; Isaksson et al., 2013). Da bei milden Krankheitsverläufen unterschiedliche beobachtbare 
Verhaltenssymptome fehlen können, kann die Validierung von Methoden zur Messung immunologischer 
Parameter dazu beitragen, diese Effekte in Wildtierkrankheitssystemen zu klären (Ryser-Degiorgis, 2013).  
Um schließlich festzustellen, ob und wie minderwertige chronische Infektionen, wie Malaria, die 
Wildtiergemeinschaften betreffen, muss eine Grundlinie der Infektion und des Gesundheitszustandes 
durch regelmäßige Pathogen- und Gesundheitsüberwachung bestimmt werden. Erstens, indem man 
Längsmuster der Infektion identifiziert; zweitens, indem man einen nicht-invasiven bioimmunen Marker 
validiert, um die Aktivierung des Immunsystems bei wilden Menschenaffen zu messen; und schließlich, 
indem man ihn in einen größeren ökologischen Rahmen der Übertragung zoonotischer Krankheiten an die 
menschlichen und nichtmenschlichen Primatenschnittstelle stellt. Um diese Fragen zu beantworten, habe 
ich Kot (Kapitel 1) und Urinproben (Kapitel 2) verwendet, die in den Jahren 2004 – 2015 vom Schimpanse 
(Pan troglodytes verus) vom Taï Schimpansenprojekt (Taï Nationalpark, Côte d'Ivoire) entnommen 
wurden. In Kapitel 3 habe ich Proben von 2001 – 2011 von Menschen (Blut) und nicht-menschlichen 
Primaten (Blut, Milz, oder Leber) aufgenommen, die sich einen Lebensraum im Taï Nationalpark (TNP) 
teilen, um Malaria-Parasitenarten in jedem Wirt zu identifizieren. Des Weiteren habe ich zwischen August 
– Oktober 2015 Moskitos gefangen, um potenzielle Brückenvektoren zu identifizieren.   
Projektziele 
Während sich umfangreiche Untersuchungen auf die Verbreitung, Vielfalt und phylogenetische 
Geschichte von Malaria-Parasiten konzentriert haben, wurden erst in jüngster Zeit Fragen zur Malaria-
Ökologie und Epidemiologie in afrikanischen Großaffengemeinschaften angesprochen. Mehrere weit 
verbreitete Querschnittsstudien in Subsahara-Afrika zeigen indirekt extreme geografische Unterschiede 
beim Nachweis von Malaria-Parasiten in wild lebenden afrikanischen Großaffengemeinschaften, die 
zwischen 0 bis 48% liegen (Boundenga et al., 2015; Krief et al., 2010; Liu et al., 2010; Mapua et al., 2015; 
Prugnolle et al., 2010). Bestimmte Wirte und demographische Merkmale (z.B. Alter, Geschlecht, 
Schwangerschaft, soziale Systeme) sowie Faktoren, die die Vektorhäufigkeit beeinflussen (z.B. 
Lebensraumtyp, Niederschlag), werden letztendlich zu zeitlich dynamischen Systemen führen, die über 
Jahreszeiten und Jahre hinweg schwanken. Dies verdeutlicht ein System komplexer ökologischer 
Faktoren, die zu einer vielfältigen räumlichen Heterogenität der Malaria-Parasitenprävalenz führen 
können (De Nys et al., 2014, 2017). Jedoch ist die Erforschung der wilden Großaffenmalaria in erster Linie 
Querschnittsforschung, wobei Daten über zeitliche Variationen fehlen. Daher habe ich in Kapitel 1 
versucht, diese grundlegende Lücke zu schließen, indem ich 681 Stuhlproben mittels Polymerase-
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Kettenreaktion (PCR) auf Malaria-Parasiten getestet habe, die von 48 Individuen in der südlichen 
Gemeinschaft des Taï Chimpanzee Project (TCP) über vier nicht aufeinanderfolgende Probenahme-
Zeiträume zwischen 2005 und 2015 bei TNP gesammelt wurden. Hier war meine Hypothese, dass die 
Prävalenzraten zeitliche Schwankungen zwischen den Jahreszeiten und Jahren aufweisen würden. 
Zusätzlich zur zeitlichen Überwachung von Krankheitserregern kann die gleichzeitige Messung des 
Gesundheitszustandes durch Variationen der Aktivierung des Immunsystems Aufschluss darüber geben, 
wie milde Krankheiten wie Malaria die Gesundheit und Fitness von Individuen in Wildpopulationen 
beeinträchtigen können. Infizierte Tiere können trotz offensichtlicher klinischer Manifestationen 
kontinuierlich oder intermittierend Krankheitserreger ausscheiden und als asymptomatische Träger 
fungieren—was zu Schwierigkeiten bei der Unterscheidung zwischen akuten, subklinischen und 
chronischen Infektionen führt (Ryser-Degiorgis, 2013). Traditionelle Methoden der 
Gesundheitsüberwachung sind typischerweise invasiv und für Wildlängsstudien nicht durchführbar 
(Behringer & Deschner, 2017). Nicht-invasive Methoden wie Urin-Messstäbe, Verhaltensbeobachtungen 
und gastrointestinale Parasitenanalysen sind ungenau und müssen mit anderen Methoden kombiniert 
werden, um ein prägnanteres Bild des individuellen Gesundheitszustandes zu erhalten (Löhrich et al., 
2018). Daher könnte die Identifizierung nicht-invasiver Biomarker für Wildbiologen von größter 
Bedeutung sein. Neopterin ist ein Frühentzündungsmarker des unspezifischen Immunsystems (Fuchs et 
al., 1993) und reagiert auf mehrere virale und bakterielle Infektionen, wobei erhöhte Werte mit dem 
Fortschreiten der Schwere und dem Ergebnis der Erkrankung verbunden sind (Behringer et al., 2017; Murr 
et al., 2002). Der Neopterinspiegel im Urin steigt auch bei Malaria-Infektionen, was mit Fieber 
korrespondiert und nach der Behandlung abnimmt (Brown et al., 1992). Während es als Marker für die 
Aktivierung des Immunsystems in Gefangenen- und Labor-NHPs validiert wurde (Behringer et al., 2017; 
Higham et al., 2015; Müller et al., 2017), war nicht bekannt, ob das urinäre Neopterin empfindlich genug 
sein würde, um Veränderungen während einer milden Krankheit bei Wildtieren, vor dem Hintergrund von 
Co-Infektionen, zu erkennen. Bevor wir Neopterin als Marker für die Aktivierung des Immunsystems bei 
wilden Menschenaffen, die mit Malaria-Parasiten infiziert sind, anwenden konnten, mussten wir zunächst 
ihre Verwendung validieren. In Kapitel 2 habe ich mittels eines Enzymimmunoassys urinausscheidendes 
Neopterin von 28 Individuen (insgesamt 185 Urinproben), die vor, während und nach einem schweren 
Atemwegsausbruch im Jahr 2009 in der südlichen Gemeinschaft des TCP gesammelt wurden, gemessen. 
Ich habe vorhergesagt, dass der Neopterinspiegel im Urin mit den beobachteten Anzeichen von 
Krankheiten und der Sterblichkeit übereinstimmen würde. 
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Die zunehmende Nähe zwischen Mensch und nicht-menschlichen Primaten hat optimale Bedingungen für 
die Übertragung von zoonotischen und umgekehrten zoonotischen Krankheiten geschaffen; dies hat zu 
einem direkten Rückgang der wilden Schimpansenpopulationen (durch Atemwegserkrankungen) geführt, 
die aufgrund ihrer engen phylogenetischen Beziehung zum Menschen besonders empfindlich sind 
(Grützmacher et al., 2017; Köndgen et al., 2008; Kühl et al., 2017). Berichte über die Übertragung von 
Malaria zwischen NHPs und Menschen sind auf dem Vormarsch, da die Entwaldung die NHP-Mensch-
Schnittstelle erweitert und zu einer Verschiebung der räumlichen Verteilung der Vektoren und 
Anpassungen der Wirtsernährungspräferenzen geführt hat (Davidson et al., 2019). Da die Exposition 
gegenüber neuartigen Krankheitserregern oft zu einer unbekannten oder höheren Gefahr schwerer 
Pathogenität führt (Davidson et al., 2019; Isaksson et al., 2013), untersuchte ich in Kapitel 3 die genetische 
Vielfalt von Malaria-Parasiten, die beim Menschen (n=66) und nicht-menschlichen Primaten (n=38) 
vorkommen, einschließlich Schimpansen (Pan troglodytes verus) (n=29), die sich einen Lebensraum in TNP 
teilen, um festzustellen, ob die artenübergreifende Übertragung von Malaria-Parasiten stattgefunden hat. 
Zwischen 2006 – 2007 wurde bei allen menschlichen Teilnehmern mittels Venenpunktion Blut 
entnommen. Leber- und Milzproben wurden bei opportunistischen Nekropsien, mit Blutproben während 
der Anästhesie/Immobilisierung von Tieren zwischen 2001 – 2011 entnommen. Zusätzlich habe ich 
Moskitos (n=957) gefangen, um potenzielle Brückenvektoren zu identifizieren, die an der Übertragung 
von Malaria-Parasiten zwischen August – Oktober 2015 beteiligt waren. Ich prognostizierte eine 
artenübergreifende Übertragung von Malaria-Parasiten zwischen Mensch und Schimpanse und die 
Identifizierung potenzieller Moskito-Vektoren.   
Ergebnisse  
Während frühere Stichproben der gleichen Population von Schimpansen bei TNP die Prävalenz von 
Malaria-Parasiten um 35% schätzten (De Nys et al., 2013), zeige ich in Kapitel 1 erhebliche zeitliche 
Schwankungen bei der Erkennung von Malaria-Parasiten, mit großen intra- und interjährigen 
Schwankungen. Der Anteil der positiven Proben lag zwischen 0 bis 43% pro Monat, mit saisonalem Anstieg 
während der Regenzeit und stochastischen Schwankungen von 4 bis 27% pro Probenahmezeitraum. Dies 
deutet darauf hin, dass Infektionsmuster stark von Umweltfaktoren beeinflusst werden, die wiederum die 
Vektorverteilung und -häufigkeit bestimmen (De Nys et al., 2017). Darüber hinaus spielt 
höchstwahrscheinlich die Verfügbarkeit empfindlicher Wirte eine Rolle, da bei jüngeren Individuen ein 
höherer Nachweis von Fäkalparasiten gefunden wurde—ein Trend, der auch bei Menschen mit 
endemischer Malaria gezeigt wurde (De Nys et al., 2013). Dies unterstreicht, dass 
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Querschnittsuntersuchungen oft im Umfang begrenzt sind, indem sie die sich ändernde zeitliche und 
räumliche Krankheitsdynamik bei der Übertragung von Malaria übermäßig vereinfachen. Zusätzlich würde 
eine Probenahme bei niedrigen oder nicht nachweisbaren Parasitenwerten zu dem falschen Schluss 
führen, dass bestimmte Populationen (fast) malariafrei sein können. Längsschnitte können dazu 
beitragen, diese Trends zu klären (auch innerhalb eines Jahres) und ermöglichen eine fundierte 
Entscheidungsfindung sowohl aus praktischer (z.B. Krankheitsüberwachung im Hinblick auf die Festlegung 
von Probenahmeplänen) als auch aus theoretischer Sicht (z.B. Identifizierung von Treibern der 
Malariaübertragung). 
Da es derzeit nicht bekannt ist, wie Malaria-Parasiten die Gesundheit von wilden Menschenaffen 
beeinflussen (De Nys et al., 2017), können nicht-invasive Biomarker die Aktivierung des Immunsystems 
anstelle von offensichtlichen Krankheitsverhaltensweisen messen und Zeiten zwischen einer aktiven oder 
latenten Infektion oder während der Genesung klären. In Kapitel 2¸ validierte ich urin-ausgeschiedenes 
Neopterin als Biomarker für den Gesundheitszustand bei wilden Schimpansen und zeige, dass der 
Neopterin-Spiegel während eines schweren Atemwegsausbruchs zunahm - sogar unter Vorhersage des 
Überlebens. Verstorbene Personen zeigten sowohl vor als auch während des Ausbruchs höhere Werte, 
was auf ein bereits aktiviertes Immunsystem hindeutet. Obwohl das Neopterin im Urin so empfindlich ist, 
dass es Veränderungen in der Aktivierung des Immunsystems während einer schweren Erkrankung 
erkennt, sollte die zukünftige Forschung darauf abzielen, seinen Einsatz bei der Überwachung chronischer 
und leichter Krankheiten wie Malaria zu validieren. 
Während mehrere Malaria-Parasiten den erfolgreichen Sprung von nicht-menschlichen Primaten zu 
menschlichen Wirten gemacht haben, fand ich in Kapitel 3 keinen Hinweis auf eine artübergreifende 
Übertragung von Malaria-Parasiten bei TNP, mit Ausnahme von P. malariae, die sowohl bei Schimpansen 
als auch beim Menschen nachgewiesen wurden. Aufgrund des begrenzten Stichprobenumfangs war es 
jedoch nicht möglich, die Richtungsabhängigkeit der Übertragung zwischen den Arten zu beurteilen. 
Zusätzlich von den 957 gefangenen Moskitos, prüfte ich keine Positiv auf menschliche oder große Affen-
spezifische Malaria-Parasiten. Zum Zeitpunkt der Moskitosammlung wurden jedoch innerhalb der 
Schimpansengemeinschaft keine Malaria-Parasiten nachgewiesen (Kapitel 1), was auf ein extrem 
niedriges Niveau an zirkulierenden Parasiten hindeutet. Darüber hinaus wurden keine definitiven 
Anophelinmücken, der einzige bekannte Vektor von Malaria-Parasiten bei Säugetieren, identifiziert. In 
einer früheren Mückenuntersuchung im gleichen Primärwald am TNP wurde nur 1 Anophelinmücke von 
1.581 gefangen genommen (Junglen et al., 2009). Diese Ergebnisse deuten darauf hin, dass 
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Übertragungsereignisse innerhalb von TNP selten sein können und zum Teil durch das Fehlen geeigneter 
Vektoren vermittelt werden. Allerdings sollten angesichts der Anpassungsfähigkeit von Malaria-Parasiten 
andere potenzielle Vektorenarten nicht ausgeschlossen werden (De Nys et al., 2017). Aufgrund des 
begrenzten Stichprobenumfangs ist zusätzliche Forschung erforderlich, bevor das Übertragungsrisiko von 
Malaria-Parasiten in diesem Wald ausgeschlossen werden kann.   
Fazit 
Epidemiologische Studien zu Wildtierkrankheiten sind eine Herausforderung, da ein ganzheitlicher Ansatz 
erforderlich ist, der Methoden aus mehreren Bereichen integriert, die die longitudinale Erfassung und 
Analyse von biologischen, Feld- und Beobachtungsdaten beinhaltet. Derzeit sind die meisten Studien zur 
Krankheitsökologie Querschnittsstudien, wobei grundlegende Informationen über die 
Krankheitsprävalenz und die Parameter von Wirt, Vektor und Parasit oft fehlen. Meine Doktorarbeit zielte 
darauf ab, Basisdaten über Malaria-Parasiteninfektionen, eine chronische Infektion mit niedriger 
Intensität, bei wilden afrikanischen Großaffen (Pan troglodytes verus) zu erheben. Erstens, indem man die 
zeitliche Variation des Nachweises von Malaria-Parasiten definiert; zweitens, indem man einen Biomarker 
der Aktivierung des Immunsystems, das Urin-Neopterin, bei wilden Schimpansen validiert, der in der 
zukünftigen Malariaforschung eingesetzt werden soll; und schließlich, indem man dies in einen größeren 
ökologischen Rahmen des Übertragungsrisikos von Zoonosen stellt. Diese Daten zeigen, dass das 
Verständnis der Malariaepidemiologie bei wilden afrikanischen Menschenaffen ein komplexes, 
stochastisches System mit Faktoren beinhaltet, die die Übertragung auf individueller, gemeinschaftlicher 
und ökologischer Ebene beeinflussen. Unter Verwendung der Ergebnisse von Kapitel 1 könnten Forscher 
die Bemühungen um die Vektorprobenahme in Zeiten mit höheren zirkulierenden Niveaus von Malaria-
Parasiten konzentrieren; ebenso könnte die gleichzeitige Urinprobe helfen, festzustellen, ob Neopterin 
ähnlichen zyklischen Trends folgt. Mit den jüngsten Fortschritten in den Labortechniken, insbesondere in 
der Molekularbiologie und Immunologie, gepaart mit jahrzehntelangen Verhaltensdaten, die von 
Langzeit-Feldstandorten gewonnen wurden, hat dies den Forschern nun die Möglichkeit gegeben, 
effizientere Überwachungssysteme zu entwickeln und größere ökologische Fragen mit robusteren 
Längsdatensätzen zu beantworten. 
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Abstract 
Given the zoonotic origin of several human malaria parasites, including Plasmodium falciparum from 
gorillas and P. knowlesi from macaques in Southeast Asia, this has triggered questions on the permeability 
of the species barrier for malaria parasites. We therefore examined the genetic diversity of malaria 
parasites infecting humans, wild chimpanzees, and other non-human primates, sharing a habitat in 
Western Côte d’Ivoire. We also captured possible vectors that may bridge transmission between host 
species. Using an ultra-deep sequencing strategy, we found no evidence of chimpanzee-to-human or 
monkey-to-human transmission, with the potential exception of P. malariae, which was detected in both 
chimpanzees and humans. No anopheline mosquitoes, the only known vector of mammalian Plasmodium 
spp. parasites, were captured in the wild primate’s habitat, and no mosquitoes were found to carry human 
or great ape malaria parasites. However, a higher density of mosquitoes was captured in the canopy, 
where great apes sleep, compared to at ground level—suggesting a possible height gradient in 
transmission risk. These results suggest that transmission events are extremely rare, even among humans 
living in wild primates’ pristine habitat, and may be mediated, in part, by the lack of suitable vectors.  
 
Keywords 
Malaria parasite, Plasmodium, Hepatotcystis, zoonosis, non-human primates, mosquitoes  
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Introduction 
The majority of emerging infectious diseases stem from spillover events from wildlife, with one-third 
being vector-borne, making it particularly crucial to identify high risk pathogens and potential “hotspots” 
of transmission (Délicat-Loembet et al., 2015; Grubaugh et al., 2015; Junglen et al., 2009). This emergence 
is partially attributed to increasing encroachment and destruction of habitats that expand the interface 
between wildlife and human communities—particularly in tropical regions rich in biodiversity with high 
forest cover (Délicat-Loembet et al., 2015). Malaria, amongst mankind’s heaviest infectious burdens, was 
responsible for an estimated 219 million cases and 435,000 deaths globally in 2017 alone (WHO, 2018). 
Caused by apicomplexan parasites and transmitted by blood-feeding dipteran insects, over 550 species 
within the order Haemosporida have been described across 17 genera that infect mammals, birds, and 
reptiles, with the most well-described species falling within the genera Plasmodium given its relevance to 
global human health (Boundenga et al., 2018; Faust & Dobson, 2015; Galen et al., 2018).  
In humans, malaria is a mosquito-borne infection caused by five parasite species, namely Plasmodium 
falciparum, P. vivax, P. malariae, P. ovale, and P. knowlesi (Cox-Singh, 2012; Scully et al., 2017). African 
great apes also harbor several malaria parasites that have been described based on large-scale 
noninvasive parasite screening of feces, paired with advances in molecular diagnostic techniques (Duval 
& Ariey, 2012; Loy et al., 2017). Wild chimpanzees (Pan troglodytes) are infected with parasite species P. 
reichnowi, P. billcollinsi, and P. gaboni, which all belong to the subgenus Laverania (Kaiser et al., 2010; S. 
Krief et al., 2010; Liu et al., 2016). Although P. falciparum (subgenus Laverania) is an obligate human 
parasite, P. vivax, P. malariae, and P. ovale (subgenus Plasmodium) have been reported to also infect 
African great apes, albeit at low prevalence rates (Kaiser et al., 2010; Liu et al., 2010, 2014).  
P. falciparum, the causative agent of the most virulent form of human malaria, became widespread after 
presumably emerging from a single gorilla-to-human transmission event estimated to have occurred 
within the last few thousand years (Liu et al., 2010; Plenderleith et al., 2018; Sundararaman et al., 2013). 
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P. vivax appears to be a hominine generalist, with one scenario suggesting the possible origination from 
a cross-species transmission of an ancestral stock of parasites infecting African great apes as evidenced 
by the spread of the protective Duffy-negative mutation across Africa (Loy et al., 2017; Molina-Cruz & 
Barillas-Mury, 2016). P. knowlesi, first described as a simian malaria parasite naturally infecting several 
macaque species (Macaca spp.) in Southeast Asia, is a modern emergent zoonotic malaria parasite, with 
a high number of cases first reported in 2004 (Antinori et al., 2013; Fornace et al., 2018; Lee et al., 2011).  
More recently, transmission of New World monkey malaria parasites, P. simium and P. brasilianum 
(closely related to, or even nested within, the diversity of P. vivax and P. ovale, respectively), in South 
America have been detected with increasing frequency, including in areas previously thought to be 
malaria-free (Brasil et al., 2017; Lalremruata et al., 2015; Scully et al., 2017). Currently incapable of human-
to-human transmission, those infected tend to work or live near forests where vectors are known to feed 
on both monkeys and humans, allowing malaria parasites to adapt to humans without having to adapt to 
new vectors (Brasil et al., 2017; Lalremruata et al., 2015). Indeed, within the tropics, the distribution of 
primate malaria parasites is closely linked with high forest cover, with human malaria transmission 
possibly radiating out of the forest due to anthrophilic mosquitoes that have adapted to feed on human 
hosts (Faust & Dobson, 2015). 
Currently, only anopheline (Anopheles spp.) mosquitoes have been identified as vectors of mammalian 
malaria, with 40 out of 430 species thought to be competent vectors of transmission (De Nys et al., 2017). 
In sub-Saharan Africa, An. gambiae is one of the most efficient human vectors, while An. moucheti, An. 
vinckei, and An. marshallii, have all been identified as non-human primate (NHP) vectors found in sylvatic 
environments with diverse feeding preferences—even targeting humans when available (De Nys et al., 
2017; Makanga et al., 2016; Paupy et al., 2013). Other candidate vectors, An. implexus and An. demeilloni, 
have been identified where great apes appear to have a high prevalence of endemic malaria parasite 
infections, as well as near chimpanzee nesting sites (Krief et al., 2012). In the Atlantic forests of Brazil, An. 
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kertezsia is a known vector for both human and NHP malaria parasites, feeding on monkeys in the forest 
canopy and humans at ground level (Brasil et al., 2017).  
Detailed phylogenetic analyses have shown that a number of malaria parasite species use multiple NHPs 
as hosts and/or underwent cross-species jumps, including between distantly related taxa (Duval & Ariey, 
2012; Garamszegi, 2009). This raises the question of yet unnoticed, ongoing transmission events between 
NHPs and humans that require a certain magnitude of habitat overlap and density of competent vectors, 
followed by the parasites ability to overcome a new host environment at the cellular level (Loy et al., 2017; 
Rayner, 2015; Scully et al., 2017). Early experiments with captive NHPs and humans have shown that some 
non-Laverania strains can infect both host species (Bray & Garnham, 1964; Contacos & Coatney, 1963; 
Rodhain, 1936; Warren & Wharton, 1963). In natural habitats, some evidence points towards transmission 
occurring between great ape species (Mapua et al., 2018; Prugnolle et al., 2013; Scully et al., 2017). 
However, Laverania species appear to exhibit strong host specificity, with cross-species transmission 
rarely occurring (Liu et al., 2017; Scully et al., 2017); early experiments infecting humans with P. reichenowi 
were unsuccessful (Blacklock & Adler, 1922; Rodhain, 1936), and experimental infections of An. gambiae, 
a vector of human malaria, with P. reichenowi failed to produce sporozoites in the mosquitoes’ salivary 
glands (Warren & Wharton, 1963). This suggests incompatibilities at both the host (with erythrocyte 
invasion) and vector level (Ngoubangoye et al., 2016; Plenderleith et al., 2018; Sundararaman et al., 2013). 
However, host specificity has been transcended in certain captive environments, such as in sanctuaries, 
and given the evolutionary history of P. falciparum and the adaptive ability of malaria parasites, these 
barriers can still be overcome (Gavina et al., 2017; Ngoubangoye et al., 2016; Scully et al., 2017).  
In this respect, humans sharing a habitat with both NHPs (including great apes) and potential malaria 
vectors can create a particularly interesting scenario regarding the zoonotic potential of simian malaria 
parasites. Currently, sylvatic transmission risks are less well-characterized, with only a handful of localized 
studies identifying potential vectors (Krief et al., 2012; Paupy et al., 2013; Prugnolle et al., 2013)—limiting 
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the ability to understand the distribution and potential zoonotic risk of NHP malaria parasites (Faust & 
Dobson, 2015). Therefore, to better understand the propensity for cross-species transmission risk, we 
examined the diversity of malaria parasites infecting humans, chimpanzees, and monkeys sharing a 
habitat in Taï National Park (TNP), Côte d’Ivoire. We also captured mosquitoes within the home range of 
one chimpanzee group and at the camp site where researchers reside. To increase the power of our 
analyses, and to possibly detect NHP malaria parasites masked by human-adapted malaria parasites, we 
implemented a strategy based on deep-sequencing of polymerase chain reaction (PCR) products. 
 
Methods 
Study site 
This study was conducted at TNP (N 05°52 W 07°20) with data collected between 2001 – 2015. The site is 
a mixture of primary and secondary evergreen rainforest with two rainy seasons (March – June, 
September – October) and two dry seasons (July – August, November – February). The site experiences 
an average annual rainfall of 1800 mm and average temperatures between 24 and 28 °C (Boesch & 
Boesch-Achermann, 2000; Doran, 1997).  
From 1979, four chimpanzee (Pan troglodytes verus) communities have been habituated as part of the Taï 
Chimpanzee Project, along with one sooty mangabey (Cercocebus atys) group. All groups are regularly 
followed. Since 2001, a veterinarian program with strict hygiene rules was implemented to limit the 
known occurrence of disease transmission (respiratory diseases) between chimpanzees and researchers, 
as well as to determine general causes of mortality in the forest (Grützmacher et al., 2017; Köndgen et al., 
2010).  
Study design and sample collection 
Two categories of human subjects were included in this study: a) bushmeat hunters originating from 
villages at the periphery of the TNP, entering NHP habitat on a regular basis, and temporarily living within 
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the park (n = 41); and b) field assistants involved in the long-term primatology research project, based 
within the park, that originated from the same villages (n = 20) or Europe (n = 5). The latter live over 
several weeks/months/years in small research camps in the TNP and only occasionally leave the forest. 
Blood was collected by venipuncture from all participants between 2006 – 2007. Blood and tissue samples 
from NHP were collected opportunistically (when discovering a carcass) or after 
anesthesia/immobilization as described in Leendertz et al., 2010 between 2001 – 2011. Included NHP 
species were the chimpanzee (Pan troglodytes verus, n = 29), Western red colobus (Procolobus badius, n 
= 16), black and white colobus (Colobus polykomos, n = 14), and sooty mangabey (Cercocebus atys, n = 8). 
For each individual, a single material was tested (e.g., liver, spleen, blood).  Blood and tissue samples were 
isolated and snap-frozen in liquid nitrogen and kept frozen until transport to Berlin where they were 
placed in a -80 °C freezer until analysis.  
Mosquitoes (n=957) were captured with an Improved Prokopack Aspirator Model 1419 (John W. Hock 
Company, Gainsville, FL, USA) (Vazquez-Prokopec et al., 2009) between August – October 2015. 
Mosquitoes were either captured at different heights from ground level to the canopy (0 m, 9 m, 27 m, 
37 m), or at ground level in a grid within the home range of the South community of habituated 
chimpanzees (Figure 1). Mosquitoes were collected in the canopy using a moveable platform (Treeboat 
Hammock, New Tribe, Inc., Grants Pass, Oregon, USA) (Anderson et al., 2015) between 6 and 11 PM and 
4 and 8 AM, with 2 to 4 nights per height, totaling in 17 trap nights. Mosquitoes at ground level were 
collected between 11 AM to 5 PM via transects in a grid with four 500 m transects (Rayner et al., 2011) 
radiating North, South, East, and West, totaling in 20 trap days with 2 to 4 traps per grid, and 11 trap days 
at Camp (Figure 1). After collection, mosquitoes were euthanized with ether and placed in 50 mL Falcon 
tubes (Carl Roch, Karlsruhe, Germany) containing silica and cotton and stored at ambient temperature 
until transport to Berlin where they were placed in a -20 °C freezer until analysis.  
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Figure 1. Map of mosquito sample collection. Mosquitoes were captured at the Taï Chimpanzee Project’s 
South camp (N 05°50.329’ W 07°19.231), within the canopy (Star: N 05°48.433’ W 07°18.887), and in a 
grid pattern at 8 points (1: N 05°50.329’ W 07°19.231; 2: N 05°50.099’ W 07°19.197; 3: N 05°49.016’ W 
07°20.253; 4: N 05°49.029’ W 07°19.134; 5: N 05°48.998’ W 07°18.035; 6: N 05°47.907’ W 07°20.076; 7: 
N 05°47.947’ W 07°19.057; 8: N 05°47.965’ W 07°17.977) in the South chimpanzee community’s home 
range in Taï National Park, Côte d’Ivoire. 
Ethics 
All participants received thorough, coherent information about the study and signed an informed consent 
form. Permission for the study was obtained from the Institut Pasteur (Abidjan, Côte d’Ivoire) and the 
Ministère de la Santé of Côte d’Ivoire, representing the ethics commission (Ref#: 0428/MDCS/CAB-1/kss). 
The study was performed according to the Declaration of Helsinki, “Ethical Principles for Medical Research 
Involving Human Subjects,” as last revised by the World Medical Association. Permits for NHP and 
mosquito sampling were obtained from the Office Ivoirien des Parcs et Réserves and the Ministère de la 
Recherche of Côte d’Ivoire. The study complied with the Convention on International Trade of Endangered 
Species of Wild Flora and Fauna and the Convention on Biological Diversity. 
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Sample processing 
a) Human and NHP 
DNA were extracted from blood cell fractions by using a DNA blood kit and from tissue samples by using 
a DNeasy tissue kit (QIAGEN, Hilden, Germany). DNA content and purity were determined with a 
NanoDrop device (Thermo Fischer Scientific, Waltham, MA). DNA extracts were first tested using a 
quantitative polymerase chain reaction (qPCR) assay targeting a 90 bp fragment of malaria parasite 
mitochondrial DNA (mtDNA; non-coding region) designed to amplify sequences from any human or NHP 
malaria parasite belonging to the genera Plasmodium and Hepatocystis. Primer sequences were the 
following: qPlasmf 5’-AGAAAACCGTCTATATTCATGTTTG-3’ and qPlasmr 5’-ATAGACCGAACCTTGGACTC-3’. 
DNA extracts containing mtDNA copy numbers >50 copies per µL were then selected for amplification 
with 454 fusion primers. The specific part of the primers targeted a longer fragment (ca. 360 bp for 
Plasmodium spp., ca. 450 bp for Hepatocystis spp; covering the 3’ end of the cox1 gene, a short intergenic 
sequence and the 5’ end of the cytb gene) selected to comprise two single nucleotide polymorphisms 
(SNPs) unambiguously differentiating P. falciparum from all other malaria parasite species belonging to 
the Laverania clade (ape-specific malaria parasites) (Liu et al., 2010). Sequences of fusion primers’ specific 
parts were as follows: deepPlasmf 5’-GGATTTAATGTAATGCCTAGACGTA-3’ and deepPlasmr 5’-
ATCTAAAACACCATCCACTCCAT-3’. Six multiplex identifiers were used corresponding to the six groups 
examined in this study (hunters, assistants, and four NHP species). Individual reactions were prepared 
with a volume of DNA extract corresponding to 500 or 3,500 template molecules, respectively. Preliminary 
experiments were performed so as to determine the minimum number of cycles necessary to obtain a 
visible PCR product from 500 and 3,500 starting templates. Accordingly, PCR conditions were: 7 min at 45 
°C, 5 min at 95 °C, 28 (3,500 starting templates) or 30 (500 starting templates) cycles of 30 s at 95 °C, 30 s 
at 58 °C, 45 s at 72 °C, and a final 7 min at 72 °C. PCR products were visualized on a 2% agarose gel and 
subsequently purified on columns. Purified PCR product concentration was determined by a Qubit device 
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(Invitrogen, Carlsbad, CA). All individual PCR products were then diluted to 107 molecules per µL and 
pooled together adding 7 µL of dilution for PCR products generated from 3,500 templates and 1 µL for 
PCR products generated from 500 templates. Sequencing of this pool was performed on a Pico Titer Plate 
in a GS FLX platform, according to manufacturer’s instructions (Roche Applied Sciences).  
b) Mosquitoes  
Mosquitoes (n=957) were either pooled based on collection location (n=135 pools, nave= 18.08 per pool, 
range 1-61) or screened individually if gravid (n=49) or blood-fed (n=33). Single or pooled mosquitoes 
were crushed in 250 µL of phosphate buffer saline using FastPrep®-24 Instrument (MP Biomedicals, 
Illkirch, France). One hundred µL of the mash was then used to extract DNA using the EURx GeneMatrix 
Stool DNA Purification Kit (Roboklon, Berlin, Germany) according to manufacturer’s instructions 
(Calvignac-Spencer et al., 2013; Hoffmann et al., 2016). DNA concentrations for all extracts were 
measured with a Nanodrop device (Thermo Scientific, Waltham, MA, USA). Forty DNA extracts were 
submitted to a quantitative inhibition test (Calvignac-Spencer et al., 2013), which did not reveal 
measurable inhibition. Mosquitoes were then mitotyped and screened for a) malaria parasites belonging 
to the genera Plasmodium and Hepatocystis; and b) mammals and chimpanzee DNA from putative 
mosquito blood meals.  
To test for malaria parasites, DNA extracts were tested in a two-step screening process (see De Nys et al., 
2014; Wu et al., 2018). Samples were first screened with a nested qPCR that targeted a 90 bp fragment of 
a non-coding region of parasite mitochondrial DNA (mtDNA) with a first round of primers (qPlasm1f 5’ 5′-
CTGACTTCCTGGCTAAACTTCC-3′ and qPlasm1r 5′-CATGTGATCTAATTACAGAAYAGGA-3′) and a second 
round of primers (qPlasm2f 5′-AGAAAACCGTCTATATTCATGTTTG-3′ and qPlasm2r 5′-
ATAGACCGAACCTTGGACTC-3′). Samples that tested positive were then additionally screened using a 
semi-nested PCR (same as above) targeting the longer 350 bp fragment of mtDNA from the cytochrome 
oxidase 1 gene from the short intergenic region cytb gene with first round primers Plasmseq 1f 
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5′GGATTTAATGTAATGCCTAGACGTA-3′ and Plasmseq 1r 5′-ATCTAAAACACCATCCACTCCAT-3′ and second 
round primers Pspcytbf1 5′-TGCCTAGACGTATTCCTGATTATCCAG-3′ and Plasmseq 1r (De Nys et al., 2014; 
Wu et al., 2018).  
All single and pooled mosquito samples were then screened for mammal DNA with generic PCRs targeting 
mtDNA for mammals, as well as species-specific PCRs for Jentink’s duiker (Cephalophus jentinki), colobine 
monkeys (subfamily Colobinae), sooty mangabey (Cercocebus) (see Schubert et al., 2015), and 
chimpanzees (see Calvignac-Spencer et al., 2013) . The same protocol as described in Hoffman et al. 2016 
was used to test for mammal DNA, which included a real time PCR targeting a 130 bp fragment of 
mitochondrial 16s gene, with human and pig blocking primers. For all positive mosquito pools (n=79), PCR 
products were generated for Sanger sequencing in a second PCR using the same amplification and 
blocking primer pairs as the real-time PCR following the protocol described in Hoffman et al. 2016. To test 
for duiker, samples were screened in a PCR targeting a 143 bp fragment of mitochondrial cytb region (see 
Schubert et al., 2015). Samples were also screened in a PCR for colobines targeting a 122 bp fragment of 
the mitochondrial 12S ribosomal RNA gene (see Schubert et al., 2015). To test for mangabey, samples 
were screened in a PCR targeting a 162 bp fragment of mitochondrial cytochrome oxidase subunit 2 gene 
(see Schubert et al., 2015). Finally, the chimpanzee-specific PCR targeted a 114 bp long fragment of 
mitochondrial 16s gene (Calvignac-Spencer et al., 2013).  
To determine mosquito species, a PCR was performed targeting a 710 bp fragment of mitochondrial 
cytochrome oxidase subunit I (CO1) gene using primers LCO1490 5’GGTCAACAAATCATAAAGATATTGG-
3’and HCO2198 5’-TAAACTTCAGGGTGACCAAAAAATCA-3’ (Folmer et al., 1994). The reaction volume was 
25 µL containing 5 µL of sample DNA extract (either from individual or pooled mosquitoes), 0.25 µL of 
Platinum® Taq polymerase (Invitrogen), 0.3 µL AmpErase uracil N-glycolysylase (Invitrogen), 2 µL of 
dNUTPs, and 0.5 µL of each primer. Cycling conditions were: 7 min at 45 °C, 10 min at 95 °C, 47 cycles (30 
s at 95 °C, 30 s at 50 °C, 60 s at 72 °C), and 10 min at 72 °C. All PCR products were visualized on 2% agarose 
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gel with positive pools cleaned with ExoSAP-IT® Affymetrix, Santa Clara, CA, USA). PCR products obtained 
from single mosquitoes (n=83) were Sanger sequenced in both directions using the ABI PRISM® 3100 
Genetic Analyzer (Applied Biosystems, Waltham, MA, USA) and the obtained chromatograms were 
evaluated using Geneious Pro v.10 (Biomatters Ltd., Auckland, New Zealand) (Kearse et al., 2012). 
Preparation of PCR products for deep sequencing followed the Illumina protocol that was slightly modified 
for our purposes (see Hoffmann et al., 2016, 2017).  PCR products obtained from pooled mosquito samples 
(49 pools containing 872 mosquitoes) were deep sequenced paired-end on the Ilumina sequencing 
platform HiSeq (Illumina, San Diego,CA, US) using v2 chemistry and 300 cycles.  
Sequence analysis 
a) Human and NHP malaria parasites 
Reads were de-multiplexed using the newbler package (Roche Applied Sciences), with sequences shorter 
than 250 bases discarded. Identical sequences were grouped, with groups comprising less than 0.05% of 
the sequences of any given population/species discarded to suppress background noise caused by 
sequencing errors. The remaining sequences were clustered using cd-hit (Li & Godzik, 2006) applying a 
similarity threshold of 99% (most human malaria parasite species exhibit maximum intra-species 
divergence of ~ 1%; data not shown). The center sequences from the resulting 27 clusters were extracted, 
compared via BLAST to publicly available sequences (Altschul et al., 1990), and finally assigned to a malaria 
parasite genus and/or species. Unambiguous species assignment (>99% identity to a published sequence) 
was always possible, with the exception of Hepatocystis-related sequences due to the present lack of 
sequence information for species belonging to this genus (i.e., several sequences are available but 
unlinked to morphologically identified parasites).  
b) Mosquitoes 
PCR products from malaria parasites, blood meals, and species analyses (single pooled) were sequenced 
on both strands via Sanger’s methodology and analyzed using GENEIOUS v.10 (Biomatters Ltd, Auckland, 
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New Zealand) (Kearse et al., 2012). Mammal and malaria parasite sequences were then compared with 
publicly available sequences using BLAST (Altschul et al., 1990) and assigned to species or higher taxa 
(Calvignac-Spencer et al., 2013). Mosquito species were then identified using a phylogeny-based species 
delimitation method. Paired-end deep sequencing of the CO1 fragment for mosquito species analysis 
resulted in 372,106 raw reads representing 49 mosquito pools containing 872 mosquitoes. For 
downstream analysis, only forward reads were used. Adapter clipping and quality trimming were 
performed using Cutadapt v.1.2.1 (Martin, 2011) and Trimmomatic v.0.35 (Bolger, Lohse, & Usadel, 2014), 
respectively. To account for an uneven number of reads per mosquito across pools, the dataset was 
resampled to an expected 21 reads per mosquito, resulting in 18,312 reads overall.  
For phylogenetic analysis, reads were de-replicated using the cd-hit-est webserver (http://weizhongli-
lab.org/cd-hit/servers.php), setting the identity cut-off to 1 (Li & Godzik, 2006), and subsequently checked 
manually for erroneous sequences and nuclear mitochondrial DNA segments (NUMTs). Deep sequencing 
reads and Sanger sequences were merged and aligned at the nucleotide level using the MUSCLE algorithm 
(Edgar, 2004) implemented in SeaView v.4 (Gouy, Guindon, & Gascuel, 2010). We used Gblock (as 
implemented in SeaView v.4) to select conserved blocks resulting in an alignment of 215 positions. A 
maximum likelihood (ML) phylogeny was reconstructed using the PhyML v 3.0 webserver 
(http://www.atgc-montpellier.fr/phyml/) comprising smart model selection (SMS) using the Bayesian 
information criterion; branch support was estimated using SH-like approximate likelihood-ratio tests 
(Guindon et al., 2010; Lefort, Longueville, & Gascuel, 2017). The general time-reversible model (GTR) with 
a rate heterogeneity (discretized gamma distribution) and a proportion of invariable sites (GTR +G +I) was 
identified as the best-fit model of nucleotide substitution. The resulting ML tree was rooted using the 
heuristic residual mean squared function in TempEst v 1.5 (Rambaut et al., 2016). The obtained ML tree 
was then used as the input for a species delimitation analysis that was run on the bPTP server (Bayesian 
implementation of the PTP model for species delimitation; https://species.h-its.org) (Zhang et al., 2013). 
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Results 
Human and NHP 
Screening 66 human (41 hunters, 25 assistants) and 67 NHP (29 chimpanzees, 38 NHP) samples from TNP 
for malaria parasites, we identified 46 (36 hunters, 10 assistants) and 36 positive samples (10 
chimpanzees, 26 NHP), respectively (Table 1). Prevalence as well as mtDNA quantity varied markedly 
according to species/group. However, it should be noted that sample sizes were relatively small and that, 
in the case of NHP, a single tissue type could not be targeted.  
Table 1. Summary of quantitative PCR results. *Excluding negative samples. 
 
Species/group  
Total 
Negative Positive mtDNA copies/ng DNA* 
Absolute % Absolute % Min Median Max 
Human/hunters 
(Homo sapiens) 
41 5 12 36 88 0.05 12 4,000 
Human/assistants 
(Homo sapiens) 
25 15 6 10 4 0.36 53 770 
Chimpanzee 
(Pan troglodytes 
verus) 
29 19 66 10 34 0.002 0.4 49 
Western red colobus 
(Piliocolobus badius) 
16 8 5 8 5 0.02 9 2,900 
Black and white 
colobus 
(Colobus polykomos) 
14 2 14 12 86 0.06 140 6,000 
Sooty mangabey 
(Cercocebus atys) 
8 2 25 6 75 0.3 76 240 
 
Thirty-five human and 19 NHP samples were selected for generating amplicons for deep-sequencing 
based on higher mtDNA quantity (see Material and methods). This provided a total of 237,058 assignable 
reads out of which 27 clusters comprising sequences >99% identical could be identified (totaling 146,808 
reads). BLAST-based assignment identified a diversity of sequences obtained from malaria parasites likely 
belonging to the species P. falciparum, P. malariae, P. ovale, P. gaboni (C2 in Liu et al., 2010), P. reichenowi 
(C1 in Liu et al., 2010) and to the genus Hepatocystis. P. falciparum and P. ovale sequences were 
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exclusively found in humans, while P. gaboni and P. reichenowi sequences were unique to chimpanzees 
(Figure 2). Hepatocystis-related sequences could only be detected in monkey species. Finally, P. malariae 
was the only parasite identified in two species, found in both human field assistants and hunters, as well 
as in chimpanzees (Figure 2). 
 
Figure 2. Distribution of dominant malaria parasites in human populations/NHP species. The number of 
samples included in the deep-sequencing part of this study are reported under species/group names. Due 
to the comparatively low number of reads, P. ovale and P. reichenowi are not visualized here. P. ovale 
represented only a minor fraction of malaria parasites found in assistants (27 reads), as did P. reichenowi 
in chimpanzees (33 reads). Although more abundant (429 reads), P. malariae (red) also only constitutes a 
relatively minor fraction of chimpanzee malaria parasites. 
Mosquitoes 
Plasmodium species assignment exhibited 97 to 99% sequence identity to published sequences. All 
positive pools (n=16) were found in the canopy (Table 2), apart from one pool positive with bovine 
plasmodium (Plasmodium vinckeia bubalis) from an unknown mosquito species. One sample tested 
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positive for Plasmodium homopolare, an avian malaria parasite, and another from an unknown 
Plasmodium spp., both found in a Culex spp. mosquito at 27 and 37 m height, respectively. One Aedes 
lutecephalus tested positive for Hepatocystis spp. No human or great ape-specific Plasmodium species 
were identified. Four positive pools (3 Hepatocystis spp. and one from the order Haemosporida) also 
tested positive for blood meals (two Procolobus badius, one Cercopithecidae family, and one Colobus 
guereza, respectively), and were collected from the canopy (9 to 37 m). However, as these came from 
pooled samples (range 8 – 33), determining whether they came from the same mosquito or identifying 
potential vectors were not possible.  
Blood meal identification exhibited 92 to 100% species identity to published sequences (Table 2). Thirty-
one pools tested positive for human but were excluded as contamination could not be ruled out. 
Mosquitoes captured in the canopy were only found to have fed on arboreal animals (Procolobus spp. and 
Colobus spp.) (n=7). Mosquitoes captured within the grid at ground level were found to have fed primarily 
on duikers (n=30), but also arboreal animals, the western red colobus (Procolobus badius) (n=3) and Pel’s 
flying squirrel (Anomalurus pelii) (n=3).  
Mosquito species determination resulted in 18,312 assignable reads which, together with Sanger 
sequences determined from blood-fed and gravid individuals, were split into 116 species by our species 
delimitation analysis. Representative sequences of these molecular operational taxonomic units (MOTU) 
had 89 to 100% sequence identity to published sequences. Of the 116 MOTUs, six were removed as non-
mosquito species and 81 were identifiable to at least the family Culicidae. Mosquitoes identifiable to the 
genus level included Aedes spp (n=17), Culex spp (n=15), Coquillettidia spp (n=2), and Ochlerotatus spp. 
(n=2). One blood-fed mosquito from the tribe Culicini was found to have fed on both a western red 
colobus (using the colobine-specific PCR) and a Pel’s flying squirrel (using the generic mammal PCR). At 37 
m, 3 Aedes spp. mosquitoes were found to have fed on Procolobus spp.  
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Table 2. Mosquito summary results of malaria parasites and blood meals.  
 
In the canopy survey, more mosquitoes were caught per capture night on average at 27 m (53.5 
mosquitoes/night) and 37 m (46.8 mosquitoes/night), than at lower levels (7.5, 11.3, and 1 
mosquitoes/night at 18, 9, and 0 m, respectively). The greatest diversity of species were found at 27 m 
(25 species) and 9 m (19 species) (Figure 3). No anopheline mosquitoes, the only known vector of 
mammalian Plasmodium spp, were identified. Some MOTUs also exhibited variations in vertical 
distribution and were only captured at certain heights (Figure 3).  
Collection 
days
# of 
Mosquitoes/
# of Pools
Mosquitoes 
per pool (Ave)
Gravid/ 
Blood-
fed
Malaria parasite species 
[Positive pools]
Blood meal species [Positive pools]
0 2 2/2 1 1/0
1 2 11/5 2.2 3/0
2 2 38/6 11.67 1/2
Duiker (Cephalophus spp.) [1], Bay 
Duiker (Cephalophus dorsalis) [1]
5 4 66/11 12 4/2 Duiker (subfamily Cephalophinae) [1]
6 2 26/5 8.33 0/1
7 2 22/3 7.33 0/0
Western red colobus (Procolobus 
badius ) [1]
South 11 153/13 18.5 4/1
Haemosporida order [1], 
Plasmodium spp. [1]
Hepatocystis spp. [5], 
Plasmodium spp. [1]
Haemosporida order [1], 
Hepatocystis spp. [2], 
Plasmosium homopolare 
[2]
Western red colobus (Procolobus 
badius ) [3], Olive colobus 
(Procolobus verus) [1], Black and 
white colobus (Colobus guereza) [1]
Hepatocystis spp.  [1], 
Plasmodium relictum [1]
Western red colobus (Procolobus 
badius ) [1]
Old World monkeys (family 
Cercopithecidae) [1]
6.25
Location
Height (m)
34.8
27 4 34.33
18 3 10
16.5
4 2 8
3 4 13.6
13/6
81/19
5/0
5/7
2/13
4/0
5/0
9/0
6/7
Grid
30/9
34/7
214/15
187/18
80/17
8 2
37 4
9 4
Hoofed mammal (family Bovidae) [1], 
Duiker (subfamily Cephalophinae) 
[4], Duiker (Cephalophus spp. ) [1], 
Pel's flying squirrel (Anomalurus pelii ) 
[3], White-bellied duiker 
(Cephalophus leucogaster ) [2], 
Western red colobus (Procolobus 
badius ) [2]
Duiker (Cephalophus  spp.) [1], Bay 
Duiker (Cephalophus dorsalis ) [1]
Plasmodium vinckeia 
bubalis [1]
Duiker (subfamily Cephalophinae) 
[10], Duiker (Cephalophus spp. ) [7], 
Bay Duiker (Cephalophus dorsalis) [2]
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Figure 3. Presence-absence of molecular operational taxonomic units (MOTU) per height of capture 
(black: present; white: absent). BLAST-based assignment identified 42 sequences, which included 1 from 
the family of mosquitoes, Culicidae; 17 were assigned to the subfamily of mosquitoes Culicinae; 4 to the 
tribe Aedini; 1 to the tribe Culicini; 4 to the genus Culex (tribe Culicini); 1 Aedes lineatopennis (Tribe 
Aedini); and 2 cryptic Coquillettidia metallica species (tribe Mansoniini). The 12 remaining MOTUs were 
unassigned. 
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Discussion  
Although it has been known for a century that NHPs, including great apes, are infected with malaria 
parasites, evaluating the zoonotic potential of NHP malaria parasites has only recently been described, 
with knowledge on potential bridge vectors still extremely limited (Faust & Dobson, 2015; Krief et al., 
2012; Makanga et al., 2016; Paupy et al., 2013; Prugnolle et al., 2013; Rayner, 2015). Sub-Saharan Africa 
is not only the cradle of malignant malaria, which itself stemmed from a zoonotic event involving gorilla 
parasites (Liu et al., 2010), but a region harboring a high diversity of human and NHP malaria parasites 
(Ayouba et al., 2012) and can be considered a potential hotspot for such transmission events to occur. 
Despite malaria incidence rates decreasing 18% globally between 2010 and 2017 (WHO, 2018), the sylvatic 
transmission of malaria parasite species has increased as evidenced by people living or working near 
forests (Brasil et al., 2017; Fornace et al., 2018; Lalremruata et al., 2015). Here, we provide a first glimpse 
into the frequency of zoonotic transmission events from NHPs (including chimpanzees) towards exposed 
human populations (i.e., self-declared hunters and research assistants involved in behavioral research on 
wild habituated chimpanzees) in TNP. We also aimed to describe the diversity of sylvatic mosquito 
communities within this region and to identify potential vectors that may be involved in the transmission 
of malaria parasites. 
While the majority of exposed humans are infected with malaria parasites, deep-sequencing of PCR 
products did not allow for the identification of unambiguous instances of zoonotic transfer. Specifically, 
out of >100,000 reads obtained from 35 exposed humans, none could be assigned to any malaria parasite 
known to circulate in local NHP species and currently thought to be NHP-restricted; that is P. gaboni and 
P. reichenowi in chimpanzees and Hepatocystis spp. in monkeys. Although Hepatocystis infections are 
ubiquitous in monkeys, there is no evidence of transmission to African great apes or humans (Ayouba et 
al., 2012; Seethamchai et al., 2008.; Thurber et al., 2013). These results in particular support other 
research showing that great ape-specific malaria parasites (Laverania) only rarely succeed in infecting new 
primate hosts, whether human or simian (Liu et al., 2017; Ngoubangoye et al., 2016; Scully et al., 2017).  
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This is well in line with recent works performed on monkeys, and more particularly on greater spot-nosed 
monkeys (Cercopithecus nictitans), which evidenced a single case of gorilla-borne transfer of Laverania 
parasites (in the direction of a pet greater spot-nosed monkey) despite extensive testing (>630 monkeys, 
among which >320 C. nictitans) (Ayouba et al., 2012; Prugnolle et al., 2011). Additionally, several large-
scale surveys of humans living in close proximity to great apes failed to detect great ape-specific malaria 
parasites, including 210 villages in Gabon (total of 4,281 blood samples), 504 blood and fecal samples from 
Cameroon, and 1,402 blood samples from Southern Cameroon (Délicat-Loembet et al., 2015; Loy et al., 
2018; Sundararaman et al., 2013). Therefore, unlike the transmission of non-Laverania malaria parasites 
(e.g., P. knowlesi from macaques in SE Asia and P. simium and P. brasilianum from monkeys in South 
America), this suggests that Laverania malaria parasites infecting African great apes are only very rarely 
transmitted to sympatric human populations.   
Here, only P. malariae was found to simultaneously infect humans and NHPs, in this case chimpanzees 
(429 reads). Infection of chimpanzees with this malaria parasite has already been described in captive 
(Hayakawa et al., 2009) and wild individuals (Liu et al., 2010), including at TNP (Kaiser et al., 2010; Wu et 
al., 2018)—however, it seems to be rare and/or presenting at such low levels in the wild that it may be 
undetectable in feces (Liu et al., 2010, 2017; Wu et al., 2018). In general, P. malariae tends to present with 
low parasitemia and can persist for decades, as evidenced in captive chimpanzees imported to Japan, and 
a pattern also consistent with long-term latent infections observed in humans (Hayakawa et al., 2009). 
Found throughout Africa and South America, P. malariae is heavily understudied compared to other 
human malaria parasites as it presents with little complications and often goes undiagnosed due to low 
parasite density and limited DNA yield (Rayner, 2015). Sequences are usually indistinguishable between 
malaria parasites found in humans and NHPs—although a comparison of human-infective species with 
NHP-infective species, of both African great apes (P. malariae-like) and New World monkeys (P. 
brasilianum), exhibited lower nucleotide diversity, suggesting a recent host expansion (Guimarães et al., 
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2012; Lalremruata et al., 2015; Rayner, 2015; Rutledge et al., 2017). In our case P. malariae sequences 
found in sympatric humans and chimpanzees were even identical. While this is compatible with frequent 
and/or recent cross-species transmission events, our limited sample sizes and reliance on relatively short 
sequences, as well as the relatively slow evolutionary rate of malaria parasites, does not allow us to 
exclude alternative scenarios.  
Although more research has been conducted on the phylogeny of Laverania parasites, non-Laverania 
parasites exhibit a higher propensity of cross-species transmission and reduced host specificity 
(Sundararaman et al., 2013). This may be attributed, in part, to their ability to adapt and cross barriers at 
both the parasite-vector and parasite-host interface (Scully et al., 2017). Additionally, ecological 
determinants most likely play a role—in particular, vector abundance and feeding preferences. While 
some studies have identified several definitive and potential ape malaria vectors (Krief et al., 2012; 
Makanga et al., 2016; Paupy et al., 2013), none of these species were found in this study, or in a previous 
survey of the same region (Junglen et al., 2009). In fact, Junglen et al. (2009) only captured 1 unknown 
anopheline mosquito out of 1,581 mosquitoes in the same primary forest. In the current study, we were 
unable to identify any definitive anopheline species—although this could be due to the lack of reference 
species available for genetic comparison. Currently, data is heavily lacking on sylvatic mosquito genetics 
and ecology (Faust & Dobson, 2015).  
Additionally, besides Hepatocystis spp., no other NHP or human malaria parasites were identified. This is 
not unexpected given the small sample size since wild-caught mosquitoes generally exhibit extremely low 
infection rates (Krief et al., 2012; Nzeyimana et al., 2002). A broad survey in Uganda also failed to detect 
mosquitoes positive for malaria parasites over a two-year period and caught a low abundance of 
anopheline mosquitoes (309 anopheline mosquitoes in 383 traps) (Krief et al., 2012). Therefore, 
transmission events may be rare due to the sparsity of suitable vectors and the low level of circulating 
malaria parasites. Some studies have even suggested that the habitat of sylvatic anopheline mosquitoes 
Chapter 3 
 
59 
 
were more closely linked with the prevalence of primate malaria parasites than primate distribution itself 
(Liu et al., 2017; Wolfe et al., 2002).  
Interestingly, malaria parasites were not detected in the chimpanzee community in 2015 (Wu et al., 2018), 
the same time as the mosquito survey (August – October 2015). Prevalence of malaria parasites in this 
community appears to peak in June with lows in September (Wu et al., 2018)—therefore, circulating levels 
of malaria parasites may already be declining, with sensitivity of the current methods unable to detect 
such low levels (Grubaugh et al., 2015; Junglen et al., 2009; Liu et al., 2017; Loy et al., 2018).  
Despite the lack of anopheline mosquitoes and ape-specific malaria parasites, a greater abundance and 
higher species diversity of mosquitoes, as well as malaria parasites, were detected in the canopy 
compared to at ground level—indicating a potential risk based on height. This is in accordance with a 
previous study that found higher infection rates at mid-height where great apes tend to sleep (Makanga 
et al., 2016). While still requiring more research, it is suggested that great apes may exhibit vector-
avoidance behavior through sleeping site selection—either by choosing trees with anti-vector properties 
(Samson et al., 2013), or in areas with lower mosquito density (Krief et al., 2012). Mosquitoes are known 
to exhibit feeding tropism with flying height related to host abundance patterns (Makanga et al., 2017, 
2016; Takken & Verhulst, 2013). Sylvatic mosquitoes also display opportunistic feeding preferences, 
switching based on fluctuating host abundance with the ability to take multiple blood meals (as was the 
case of 1 blood-fed mosquito in this study that fed on both a western red colobus and Pel’s flying squirrel), 
which may partially explain the evolutionary pattern of host-switching in malaria parasites (De Nys et al., 
2017; Grubaugh et al., 2015; Makanga et al., 2017, 2016) 
Given the low levels of circulating great ape malaria parasites along with competent vectors, in this study 
and others (Krief et al., 2012; Makanga et al., 2016), it cannot be completely discounted that other vectors 
may be involved in malaria parasite transmission. While only anopheline mosquitoes have been 
documented to transmit mammalian malaria parasites, Hepatocystis spp. are spread by biting midges 
Chapter 3 
 
60 
 
(genus Culicoides), and other Culicidae species (including Culex, Aedes, Culiseta, Armigeres, Wyeomyia, 
Psorphora¸ and Mansonia), sandflies (Psychodidae), bat flies (Strebelidae, Nycterbiidae), and black flies 
(Simuliidae), are known to transmit avian and reptilian malarias (De Nys et al., 2017; Faust & Dobson, 
2015; Makanga et al., 2016; Molina-Cruz et al., 2013; Warren & Wharton, 1963). Culicinae mosquitoes 
also allow for the partial development of certain mammalian malaria parasites, and given the parasites 
ability to adapt to new hosts and vectors as evidenced from their jump from birds to reptiles and 
mammals, certain conditions may allow mammalian malaria parasites to adapt to new vectors (Faust & 
Dobson, 2015; Molina-Cruz et al., 2013).  
As efforts increase towards malaria elimination, sylvatic interfaces pose a particular challenge, presenting 
with, until recently, unnoticed zoonotic transmission of malaria parasites between NHPs and humans 
(Brasil et al., 2017; Fornace et al., 2018; Lalremruata et al., 2015). While the risk may still be low, 
particularly with Laverania parasites, malaria has shown high adaptivity—already breaching barriers in 
cross-species transmission (Scully et al., 2017). Additionally, human malaria eradication efforts create new 
ecological niches that may be filled by NHP malaria parasites—highlighting the need to monitor potential 
reservoirs (Ayouba et al., 2012; Brasil et al., 2017).  
All in all, the results presented in this study support a scenario in which: i) malaria parasites currently 
considered as NHP-restricted are only very rarely transmitted from NHP to exposed human populations; 
ii) P. malariae simultaneously circulates in sympatric hominine species in the wild; and ii) transmission risk 
may be low due to the rarity/low abundance of suitable vectors. It should however be highlighted that 
our study, although unique in that it gathered samples obtained from a priori heavily exposed humans, 
investigated a relatively small population (n=66), and was cross-sectional in nature. Additionally, a longer 
sampling period of mosquitoes across multiple seasons with concurrent human and NHP sampling would 
be required to better understand local transmission risks and dynamics. Further research efforts are 
clearly needed before any general conclusion regarding the zoonotic risk of NHP-restricted malaria 
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parasites can be formulated and the main directionality of P. malariae cross-hominine species 
transmission can be identified. 
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